Abstract A pairwise preferential interaction model (PPIM), based on KirkwoodBuff integrals, is developed to quantify and characterize the interactions between some of the functional groups commonly observed in peptides. The existing experimental data are analyzed to determine the preferential interaction (PI) parameters for different amino acid and small peptide systems in aqueous solutions. The PIs between the different functional groups present in the peptides are then isolated and quantified by assuming simple pairwise additivity. The PPIM approach provides consistent estimates for the pair interactions between the same functional groups obtained from different solute molecules. Furthermore, these interactions appear to be chemically intuitive. It is argued that this type of approach can provide valuable information concerning specific functional group correlations which could give rise to peptide aggregation.
Introduction
Common diseases such as Alzheimer's, Parkinson's, and Huntington's disease, as well as other amyloid and fibril related disorders, are directly linked to the misfolding and subsequent aggregation of specific peptides or proteins [1] [2] [3] . However, our current understanding of the factors that lead to aggregation is poor. An important question is whether one can predict if a specific peptide will self-aggregate based on the functional groups present in the molecule? In addition, can one even quantify the M. Kang · P. E. Smith (B) Department of Chemistry, Kansas State University, 213 CBC Building, Manhattan, KS 66506-0401, USA e-mail: pesmith@ksu.edu degree of aggregation at the molecular level? These are very simple questions that a variety of researchers would like to be able to answer. Unfortunately, our understanding of molecular interactions in complex solvents such as water remains rather limited. While several statistical mechanical theories of solutions have been presented and remain formally accurate [4] [5] [6] , there has been slow progress in determining the required integrals which form the basis of many of these theories, and extending these theories to understand solution mixtures. Hence, it is not currently possible to accurately calculate the self-association behavior of a particular peptide in solution. It is clear that a simple general methodology which provides (even limited) success in this direction would be welcomed.
Studies of small peptide aggregation represent an active area in which a general approach for predicting the tendencies of different peptides to self-aggregate would also be very useful [7] . The aggregation of small peptides should be a function of the properties of the different amino acid side chains, as modified by the presence of the solvent. Experimental studies of peptide aggregation have led to the characterization of a series of short peptide sequences based on longer sequences or fragments of proteins which are known to aggregate [8] [9] [10] . It is clear from many of these studies that peptide aggregation is not limited to peptides rich in hydrophobic residues. Hydrophobic, polar, and highly charged peptides can all display tendencies towards aggregation [8, 9] . Hence, studies to design and modify peptide structures in an attempt to investigate the aggregation propensity and mechanism generally involve a trial-and-error approach [8] . Clearly, an improved understanding of aggregation would help to focus efforts towards specific peptide sequences.
In principle, aggregation or self-association of a solute in a solution mixture results from differences in the intermolecular interactions between the solute and solvent molecules. If the solute-solute interactions are larger than solute-solvent interactions, self-association is likely to occur, and vice versa. Hence, the tendency for aggregation could be predictable, if one can determine the difference between the various solute-solute and solute-solvent interactions in a quantitative manner. Proteins are large complex molecules. Therefore, it would be more useful to quantify the interactions between amino acids, or even between functional groups, rather than to deal with the protein as a whole. This assumes that the total interaction between two peptides or proteins can be decomposed into a series of interactions between the component functional groups.
The concepts of preferential solvation (PS) and preferential interactions (PIs) have been developed to help understand solution mixtures [6, [11] [12] [13] [14] [15] . Kirkwood-Buff ( KB) integrals have played an important role in quantifying these PIs [13, [16] [17] [18] , especially from computer simulations [19] [20] [21] [22] . In this work, we use the concept of PIs to investigate factors which may lead to peptide aggregation. A pairwise preferential interaction model (PPIM) is developed to quantify and characterize the interactions between some of the common functional groups observed in peptides and proteins. First, the existing experimental data are analyzed to determine PI parameters for different amino acid and small peptide systems in aqueous solutions. Then, the PIs between function groups on those peptides are isolated and quantified using a simple pairwise preferential interaction approach.
